[1] Recent studies have imaged sharp vertical drops in shear wave velocity at the lithosphere-asthenosphere boundary (LAB). In some regions, the magnitude of the negative velocity gradient at the LAB is too large to be explained by changes in temperature alone. This study demonstrates that small amounts of partial melt in the shallow asthenosphere are a viable model for this sharp seismic boundary. In particular, we examine melting in the upper asthenosphere at the edge of thick cratonic lithosphere, using the example of eastern North America where a sharp LAB velocity gradient has been observed. Finite element modeling of asthenospheric flow at an abrupt lateral decrease in lithosphere thickness indicates that this geometry, together with lateral plate motions, produces edge-driven convection and asthenospheric upwelling at the continental margin. A key component of this work is a comparison of the locations and extents of melting produced by using different models for the depression of the peridotite solidus with varying H 2 O content. In addition, we develop a simplified parameterization of the H 2 O-undersaturated peridotite solidus for a constant degree of H 2 O saturation in nominally anhydrous minerals. The patterns of mantle flow produced by our numerical modeling and various solidus parameterizations predict less than 0.1 wt % to 2.8 wt % (0.01-3.3 vol %) melting at depths between 102 and 126 km for an asthenosphere with a mantle potential temperature of 1350°C and 150 ppm H 2 O, or between 91 km and a maximum of 200 km for a mantle at 1350°C and 450 ppm H 2 O. If the asthenosphere has a mantle potential temperature ≤1340°C or contains less than 150 ppm H 2 O at 3 GPa, no melting will occur. This process of generating melt in the asthenosphere to produce a sharp vertical velocity gradient at the LAB is viable in other locations where convective upwelling occurs in the shallow asthenosphere although it is dependent on asthenospheric potential temperature, composition, and H 2 O content. Because the asthenosphere may be heterogeneous in composition and H 2 O content, the onset of melting below the LAB may fluctuate with time and space, as may the magnitude of the shear velocity drop at the LAB.
Introduction
In the most general sense, the lithosphereasthenosphere boundary (LAB) is defined as the boundary between the rigid material that composes the Earth's tectonic plates (i.e., the lithosphere) and the underlying material which undergoes solidstate creep such that it exhibits fluid-like behavior on geologic time scales (i.e., the asthenosphere). Yet the first-order physical and chemical properties of the mantle, which change at the LAB to produce this rheological boundary, are poorly understood.
[3] The LAB is marked by a negative gradient in seismic velocity from the fast lithosphere to the slow asthenosphere. Slow velocities in the asthenosphere have been explained with a variety of models, some of which employ temperature gradients with or without grain size variations [e.g., Faul and Jackson, 2005; Stixrude and LithgowBertelloni, 2005; Priestley and McKenzie, 2006] , while others invoke a contrast between a dry depleted lithosphere and a hydrated fertile asthenosphere [e.g., Hirth and Kohlstedt, 1996; Karato and Jung, 1998; Gaherty et al., 1999] or the presence of melt within the asthenosphere [e.g., Anderson, 1989; Kawakatsu et al., 2009] .
[4] The sharpness of the velocity gradient at the LAB in many regions poses a challenge for purely thermal models . In the last decade, resolution of the LAB has been improved with a variety of seismic data, including teleseismic phases such as Ps and Sp [Farra and Vinnik, 2000; Levin and Park, 2000; Li et al., 2000; Collins et al., 2001; Oreshin et al., 2002; Li et al., 2004; Rychert et al., 2005; Vinnik et al., 2005; Kumar et al., 2005a Kumar et al., , 2005b Chen et al., 2006; Kumar et al., 2006; Mohsen et al., 2006; Sodoudi et al., 2006; Hansen et al., 2007; Heit et al., 2007; Kumar et al., 2007; Li et al., 2007; Rychert et al., 2007; Wittlinger and Farra, 2007; Chen et al., 2008; Snyder, 2008; Hansen et al., 2009; Rychert and Shearer, 2009; Abt et al., 2010; H. A. Ford et al., The lithosphereasthenosphere boundary and cratonic lithospheric layering beneath Australia from Sp wave imaging, submitted to Earth and Planetary Science Letters, 2010] , ScS reverberations [Bagley and Revenaugh, 2008] and multiple S surface reflections [Tan and Helmberger, 2007] (reviews are given by Rychert et al. [2010] and Fischer et al. [2010] ). In some cases, the LAB velocity gradient has been explicitly modeled. Rychert et al. [2005 Rychert et al. [ , 2007 utilized inversions of P-to-S (Ps) and S-to-P (Sp) receiver functions to resolve a 5%-10% decrease in shear wave velocity over less than 11 vertical km at depths near 100 km beneath the northeastern United States and southeastern Canada. Using experimentally derived relationships between temperature and shear velocity [Faul and Jackson, 2005] and a minimum olivine grain size of 1 mm [Evans et al., 2001] , to produce this velocity gradient with temperature alone, a temperature gradient of more than 20°C/km is required at the LAB [Rychert et al., 2007] . In contrast, temperature gradients are less than 10°C/km in numerical models for comparable tectonic settings (the boundary of thick cratonic and thinner continental lithosphere) in which viscosity varies with temperature and pressure but is not affected by other factors such as composition [King and Ritsema, 2000; Cooper et al., 2004] . Moreover, in these and other models for this type of tectonic setting [Lenardic and Moresi, 1999; Korenaga and Jordan, 2002] , thermal gradients from the lithosphere to the asthenosphere are distributed over 60-80 km or more, as opposed to the much smaller depth range spanned by the gradients in seismic velocity. Rychert et al. [2005 Rychert et al. [ , 2007 and Rychert and Shearer [2009] therefore conclude that a mechanism that involves more than temperature is required to explain the observed velocity gradients: a more hydrated asthenosphere, perhaps in combination with a downward decrease in chemical depletion or grain size or with a coincident change in anisotropy, or simply a small amount of partial melt in the asthenosphere.
[5] Evidence for sharp LAB velocity gradients has also been found in other regions. Using Ps phases in eastern China, Chen et al. [2006] inferred shear velocity decreases of 3%-7% over 10 km or less and reached conclusions similar to those of Rychert et al. [2005 Rychert et al. [ , 2007 . Kawakatsu et al. [2009] obtained velocity drops of 7%-8% and argued for horizontal melt layers in the asthenosphere beneath the Pacific and Philippine Sea plates. Using Sp phase alone, Li et al. [2007] , Abt et al. [2010] , and Ford et al. (submitted manuscript, 2010) were able to limit LAB velocity gradients to depth ranges of less than 30-40 km beneath the western United States, large portions of the noncratonic eastern United States, and eastern Australia. Although constraints on vertical velocity gradients from Sp phases alone are looser than those possible with Ps data, 30-40 km is still much smaller than the depth range of lithosphere-asthenosphere thermal gradients in numerical models [Lenardic and Moresi, 1999; King and Ritsema, 2000; Korenaga and Jordan, 2002; Cooper et al., 2004] . Thus these results also point to compositional differences between the lithosphere and asthenosphere or the presence of partial melt in the asthenosphere. [6] To further explore the origins of the LAB, this study examines the case of the LAB below eastern North America. In this region, surface wave tomography studies indicate that the lithosphere has a thickness of approximately 200 km below the westernmost Appalachians and beneath the craton to the west [van der Lee, 2002; Li et al., 2003; Nettles and Dziewonski, 2008; Bedle and van der Lee, 2009; Yuan and Romanowicz, 2010] . Moving east, the lithosphere abruptly thins to thicknesses of 90-110 km beneath New England, based on Sp and Ps analyses [Rychert et al., 2005 [Rychert et al., , 2007 Abt et al., 2010] and most surface wave tomography [van der Lee, 2002; Li et al., 2003; Nettles and Dziewonski, 2008; Bedle and van der Lee, 2009] (in one exception, Yuan and Romanowicz [2010] argue for a deeper LAB beneath New England based on vertical variations in azimuthal anisotropy). An abrupt eastward decrease in lithospheric thickness together with a WSW absolute motion for the North American plate [Gripp and Gordon, 2002] is ideal to produce edge-driven convection. The work of Anderson [1995, 1998 ] originally modeled small-scale convection in an isothermal mantle resulting from discontinuities in the thickness of the lithosphere (i.e., edge-driven convection). Newer models of edge-driven thermal convection suggest it could be a local mechanism for melt formation or an alternative explanation to mantle plumes for intraplate volcanism [King and Ritsema, 2000; Korenaga and Jordan, 2002] . [7] We have conducted numerical experiments using an abruptly thinning lithosphere to test whether edge-driven convection can produce a small melt fraction at depths below the seismically imaged LAB [Rychert et al., 2005; Rychert et al., 2007; Abt et al., 2010] . We examine the range of compositions and H 2 O contents required to produce melting, given the range of calculated mantle flow patterns, by comparing a variety of solidi relevant to the asthenosphere, including the anhydrous peridotite solidus and several parameterizations for peridotite solidus depression with varying H 2 O content. These models for the melting behavior of peridotite in the presence of H 2 O express solidus depression as a function of the concentration of water in the melt based on the bulk partition coefficient for H 2 O between solid peridotite and melt. In addition, we derive a simplified parameterization for solidus depression at a constant degree of H 2 O saturation in nominally anhydrous minerals, which is only a function of pressure. Our parameterization is based on the method of Hirth and Kohlstedt [1996] and includes new experimental data on the H 2 O-saturated solidus and on H 2 O partitioning between nominally anhydrous peridotite minerals and silicate melts. The parameterization yields comparable melting temperatures for a given H 2 O content, between 2 and 7 GPa, to preexisting H 2 O-undersaturated melting models, including those of Hirschmann et al. [2009] , Katz et al. [2003] and a model for olivine liquidus depression by Medard and Grove [2008] . The similarity of these expressions for solidus depression is not surprising given they are all derived from or calibrated with high-pressure melting experiments on peridotite or primitive basalts. We also explore the implications of the similarity of these models for solidus depression in the presence of H 2 O and their implications for the presence of small amounts of partial melt in the asthenosphere in generalized tectonic settings.
Methods

Solidi Used in Melting Calculations
[8] For our modeling we use the anhydrous peridotite solidus parameterization of Hirschmann [2000] , which is based on an up-to-date compilation of the experimental data. The experiments used to bracket the solidus are depicted in Figure 1 , along with additional experiments at 0.9-1.6 GPa by Kinzler and Grove [1992b] and at 1 atm by Grove and Juster [1989] . As noted by Hirschmann [2000] , the bulk composition of a peridotite (specifically the alkali content, Mg # and cpx mode) plays an important role in determining the solidus temperature. Therefore we use the Hirschmann [2000] equation that has been filtered to exclude enriched peridotites and includes the experiments conducted prior to 1988, which is as follows,
where P is in GPa. We choose to include experiments conducted prior to 1988 because of the lack of more recent experiments to constrain the solidus at < 1 GPa. Kinzler and Grove [1992b] and Grove and Juster [1989] in gray. Green bold line and circles indicate garnet pyroxenite melting experiments and solidus from Kogiso et al. [2003] . Thin gray line indicates mantle adiabat of 13°/GPa with a mantle potential temperature of 1350°C.
over the range of experimental data it is derived from, which is 0 to 6 GPa. 
[10] Partial melting experiments from 3 to 7.5 GPa by Kogiso et al. [2003] are the basis for the garnet pyroxenite solidus used in our calculations ( Figure 1 ). In our melting calculations this parameterization is extrapolated to surface conditions. in both of these expressions due to the greater depolymerizing effect and larger quantity of hydroxyl ions in silicate melt compositions at low water contents (1-2 wt % H 2 O), relative to molecular water [Stolper, 1982 [Stolper, , 1989 Ihinger et al., 1999] . Therefore, both equations account for the larger effect of C H 2 O liq on solidus depression at low total water contents and the decreasing proportion and effect of C H 2 O liq on solidus temperature at higher total water contents. The solidi for a bulk peridotite C H [2003] from the anhydrous solidus (given in (1)).
[13] Medard and Grove [2008] conducted experiments to determine the effect of H 2 O on the liquidus temperature of olivine-saturated primitive melts. They conclude that liquidus depression for primitive basaltic melts can be approximated as a linear function of C H 2 O liq up to 1.3 wt % H 2 O and as a third-order polynomial up to 12 wt % H 2 O. Furthermore, for more silica-rich melt compositions, including low-degree mantle melts, they find that the effect of H 2 O is smaller than for basaltic melt, and can be better approximated as a linear function. For comparison to the previous two expressions for solidus depression, DT for bulk peridotite melting was calculated using both the linear and thirdorder expressions of Medard and Grove [2008] for liquidus depression. The third-order polynomial produces DT within ± 9°C of the expressions for solidus depression of Katz et al. [2003] and Hirschmann et al. [2009] at 150 ppm H 2 O and the linear approximation yields DT within ± 3°C at low C H 2 O liq (<2 wt %) and ±11°C at higher C H 2 O liq .
[14] For comparison to the solidus depression at constant bulk H 2 O contents, we have developed a simplified parameterization for solidus depression at a constant degree of H 2 O saturation in nominally anhydrous minerals, which is only a function of pressure. Our parameterization is based on the method of Hirth and Kohlstedt [1996] and includes new experimental data on the H 2 O-saturated solidus. Mantle melting in the presence of H 2 O can be described using a phase diagram for a constant pressure such as that shown in Figure 3 after Silver and Stolper [1985] and Grove et al. [2006] , with bulk H 2 O content increasing on the x axis and temperature increasing on the y axis. The green curve illustrates the maximum storage capacity of nominally anhydrous peridotite minerals based on data from Hauri et al. [2006] . The blue curve illustrates the simplified melting boundary (i.e., the liquidus) for peridotite, extending from a eutecticlike H 2 O-saturated solidus with the maximum H 2 O content of the melt based on H 2 O solubility in silicate melt [Grove et al., 2006] to an anhydrous liquidus [Zhang and Herzberg, 1994] .
[15] We calculate the H 2 O-undersaturated solidi for our melting calculations by fitting a line to the nominally anhydrous curve between the anhydrous solidus and the H 2 O-saturated solidus temperatures, for a given pressure, these equations are given in The bump visible in these solidi at pressures near 2.5 GPa is related to the change in partition coefficient for H between bulk peridotite and liquid immediately preceding and following the onset of garnet stability. The H 2 Oundersaturated peridotite solidi calculated at a constant degree of saturation of the nominally anhydrous minerals from expression presented here and by Hirth and Kohlstedt [1996] are illustrated by the orange and red dashed lines, respectively. Black bold curves denote the anhydrous and H 2 O-saturated peridotite solidi used in our melting calculations, and the thin gray line represents a mantle adiabat of 13°/GPa with a mantle potential temperature of 1350°C. The solidi for 10% mineral saturation (a H2O = 0.1) overlap with the solidi calculated for 150 ppm H 2 O for pressures between 2 and 7 GPa and those for 30% (a H2O = 0.3) with the 450 ppm H 2 O solidi over the same pressure range.
expressions for solidus depression of Katz et al.
[2003] and Hirschmann et al. [2009] . The model of Silver and Stolper [1985] is derived from the assumption of ideal mixing of hydroxyl groups, H 2 O molecules and oxygen in the melt, which is an adequate first-order approximation at low H 2 O contents but not likely adequate for higher-order models (see discussion of thermodynamic models of silicate melts by Medard and Grove [2008] ). Following the model of Silver and Stolper [1985] , as well as the work of Hirth and Kohlstedt [1996] and Hauri et al. [2006] , we assume an activity of unity for H 2 O in the fluid. Therefore at the saturation of the nominally anhydrous minerals, the peridotite has a water activity (a H2O ) equal to unity and melts at the H 2 O-saturated solidus temperature. When a peridotite contains no H 2 O, it has an a H2O equal to zero and melts at the anhydrous solidus temperature. And when the peridotite contains an amount of water less than that required for mineral saturation, the melting temperature scales linearly with water content between 0 < a H2O < 1. To assume an activity of unity for water in the fluid is a simplifying assumption, as the amount of dissolved silicate in hydrous fluids increases with increasing pressure [e.g., Stalder et al., 2001; Hermann et al., 2006] , causing the activity of water to constantly decrease with increasing pressure (i.e., max a H2O < 1). Therefore our estimates of the temperature of the H 2 O-undersaturated solidus at the higher end of the range of pressures examined (∼3-6 GPa) are maximum estimates, and in fact mantle peridotite may reach water saturation at even lower temperatures for a given pressure. A simple H 2 O-undersaturated melting scenario for a peridotite with 150 ppm H 2 O (0.015 wt %) is illustrated by the red points in Figure 3 . This H 2 Oundersaturated peridotite will melt at a temperature of 1409°C, where the H 2 O content intersects the nominally anhydrous boundary. A peridotite containing > 1500 ppm H 2 O (0.15 wt %) at 3 GPa will melt at the temperature of the H 2 O-saturated solidus (825°C) and a completely anhydrous peridotite will melt at the anhydrous solidus (1473°C).
[16] Here we choose four relative values for peridotite mineral saturation (represented as a H2O = 0.1, 0.3, 0.5, and 0.7) and calculate the temperature of the corresponding H 2 O-undersaturated solidus and how it varies with pressure. Each of the values of mineral saturation corresponds to an H 2 O content determined from the partitioning data from Hauri et al. [2006] , which changes with pressure, as H 2 O solubility is pressure-dependent as described in Table 2 . For example, in the original melting scenario illustrated by the red points in Figure 3 , the peridotite contains 50 ppm H 2 O at 1 GPa, 150 ppm H 2 O at 3 GPa (the pressure illustrated in Figure 3 ) and 300 ppm at 6 GPa, which corresponds to an a H2O = 0.1. By choosing to parameterize our model [2006] , and the blue line illustrates the simplified melting boundary for peridotite from a eutectic-like H 2 O-saturated solidus to an anhydrous liquidus, after Silver and Stolper [1985] . A peridotite containing 150 ppm H 2 O, illustrated by the red points, will melt at 1409°C where the H 2 O content intersects the NAM curve. This H 2 O content corresponds to an activity of H 2 O for this peridotite of ∼0.1 (as calculated in section 2.1). At 3 GPa the H 2 O-saturated peridotite solidus is from Grove et al. [2006] and Till et al. [2007] , the anhydrous solidus is from Hirschmann [2000] , and the liquidus is from Zhang and Herzberg [1994] . Note that in this phase diagram, the liquidus and solidus curves do not show phases that are known to be in equilibrium except at the H 2 O-saturated solidus.
in terms of constant H 2 O activity, we do not mean to imply that there is a depth gradient in the H 2 O content of the asthenosphere. Rather by holding H 2 O activity constant in these expressions, it facilitates a qualitative assessment of the degree of H 2 O saturation required to trigger melting at a given depth in the asthenosphere.
[17] The water content of melts at the H 2 Osaturated eutectic can be calculated using the expression
from Grove et al. [2006] where P is pressure in kbars, T is the temperature of the H 2 O-saturated solidus in°C and H 2 O is the water content of the melt in wt %.
Numerical Models of Mantle Flow and Temperature
[18] To explore the implications of the melting model, we applied it in the context of a model of possible mantle flow beneath the northeastern United States. Two-dimensional Cartesian numerical experiments on convection were conducted using the finite element code FEMcont [Kelemen et al., 2003; Zaranek et al., 2004] . The aim of these experiments was to produce predictions of asthenospheric flow patterns and temperature fields near the LAB at the edge of a lithospheric keel Eulerian code, the model asthenosphere moves relative to the fixed reference frame of the continental lithosphere. Thus absolute plate motion for eastern North America is represented as a "mantle wind" in the asthenosphere and applied as a constant horizontal velocity boundary condition at the base of the mantle in the model, as illustrated in Figure 4 . The models were run with mantle wind velocities from 0 to 3 cm/yr in a west-to-east direction to represent the range of predictions for the east-west component of North American plate motion [Conrad et al., 2004] .
[19] Initial temperatures are defined linearly within the lithosphere and as a mantle potential temperature within the asthenosphere. The experiments used an LAB profile that approximates the results of Sp and Ps analyses [Rychert et al., 2005 [Rychert et al., , 2007 Abt et al., 2010] and some surface wave tomography studies [van der Lee, 2002; Li et al., 2003; Nettles and Dziewonski, 2008; Bedle and van der Lee, 2009] across the edge of the craton in Pennsylvania and the continental margin in New England. The model includes a 200 km thick continental lithosphere, a 90 km thick lithosphere beneath the continental margin and a horizontal transition between these two lithospheric thicknesses of 50 km. The width of this horizontal transition is difficult to precisely constrain, but a combination of regional surface wave tomography [Li et al., 2003] and Sp and Ps constraints [Rychert et al., 2005 [Rychert et al., , 2007 Abt et al., 2010] indicate that values of 50-100 km are reasonable. Mantle flow patterns at the continental margin were affected by changing the thickness of the continental lithosphere and the width of the horizontal transition in lithosphere thickness ( Figure 5 ), but not continent length.
[20] The model solves nondimensional equations composed of the conservation of mass, momentum, and energy. The thermal buoyancy of the model fluid was determined by a dimensionless Rayleigh number,
where r is fluid density (kg/m 3 ), g is gravitational acceleration (m/s Kaufmann and Amelung, 2000] , whereas the higher estimates are from glacial isostatic adjustment models at cratonic or global Figure 5 . Sensitivity of finite element modeling of asthenospheric flow to the depth of the lithospheric keel and the width of the step to thinner marginal lithosphere. While in eastern North America the keel appears to be ∼200 km thick and the transition to thin lithosphere appears to occur over ∼50 km, both thinner and thicker keels and transition widths will produce upwellings with the potential for melting. Thicker keels and more abrupt transitions to thinner lithospheres produce larger convective upwellings, extending almost 200 km across the thin lithosphere. When the transition from the keel to thinner lithosphere is more gradual (approaching a fluid dynamic shape), the convective eddy is located more under the transition step from keel to thinner lithosphere and extends less under the thin lithosphere.
scales [Lambeck and Johnston, 1998; Peltier, 1998 Peltier, , 2001 Dixon et al., 2004] . [21] Asthenosphere viscosity in the model deviates from the reference viscosity according to temperature in an Arrhenius relationship,
where m o is the reference fluid viscosity (Pa s), T p is the mantle potential temperature and Q is activation energy. Q/RT varied between 30 (a small increase in temperature resulting in a large decrease in viscosity) and 15 in our experiments by using experimentally derived values of Q that vary from ∼200 kJ/mol for diffusion creep to ∼500 kJ/mol for dislocation creep in the mantle [Karato and Wu, 1993] . To create a more viscous lithosphere, a multiple of the asthenosphere reference viscosity was applied to the lithosphere; lithospheric viscosity was allowed to deviate from the reference value again using equation (11). No evidence exists for lithospheric instability beneath eastern North America in the last 100 Myr, therefore a relative lithosphere-asthenosphere viscosity of 1000 was used in the numerical experiments as it produced the most stable lithosphere geometry [Lenardic and Moresi, 1999] . Lower relative viscosities produced lithospheric instabilities within 20 million years.
Melt Calculations: Criteria for Melt Production
[22] After solving for the temperature and velocity fields using FEMcont, we identify regions of upwelling and compare the temperature and pressure of each node to the solidi relevant to the asthenosphere described in section 2.1 to determine if melting could occur. Particular attention is paid to vertical slices through the model box with significant convective upwelling at the edge of the thicker continental lithosphere. The mantle is considered to contain partial melt if it is above the solidus (i.e., temperature of first melt) in a given time step. No compositional information is built into the FEMcont numerical code. Composition is only expressed in the solidus chosen for the melting calculations. We acknowledge that interaction between melting and solid flow are not considered explicitly here, as the melting calculations are not fed back into viscosity. To incorporate these effects in the computation requires a significant step in the complexity of the model, which we have chosen to exclude in our effort to simply demonstrate the plausibility of mantle melting near the LAB.
[23] The melting calculations were run for a range of mantle potential temperatures (T p = 1300-1550°C) based on olivine-liquid equilibria and olivine phenocryst compositions in primary magmas from a range of tectonic settings [Kinzler and Grove, 1992a; Putirka, 2005; Herzberg et al., 2007] . Anderson [1982] pioneered the idea that continents can act to insulate the mantle by preventing dissipation of heat from the Earth's interior, causing broad thermal anomalies, sometimes known as "bottom heating. " Today this idea has been substantiated in modern 2D and 3D mantle convection models [Gurnis, 1988; Lowman and Jarvis, 1996; Lowman and Gable, 1999; Phillips and Bunge, 2005; Korenaga, 2007; Phillips and Coltice, 2010] . The possibility of subcontinental insulation was considered in our models by calculating the maximum range of additional heat retained below the North American continent (∼20-40°C [Phillips and Bunge, 2005] ) and applying this additional heat to mantle that has traveled under the continent before upwelling.
[24] To calculate melting, we used mantle adiabats ranging from 0.29 to 0.39°/km (10-13°/GPa) to reflect different estimates of the coefficient of thermal expansion and the specific heat of the asthenosphere. Changing the adiabatic gradient had only a small effect on the location of melting in the asthenosphere; a mantle adiabat of 13°/GPa located the maximum depth of melting at 4-8 km deeper than an adiabat of 10°/GPa for a model with the same mantle potential temperature and initial conditions. No other effect on the location and H 2 O content of melting was observed based on varying the adiabatic gradient alone.
[25] Once a mantle potential temperature, adiabatic gradient, composition and H 2 O content are assigned, the occurrence of asthenosphere melting in our calculations depends only on pressure. If the asthenosphere is above the solidus at a given pressure, the presence of edge-driven convection cells will only increase the quantity of melt produced over time.
Results
[26] The calculated asthenosphere flow fields produce upwelling regions viable for adiabatic decompression melting at the margin of the lithospheric keel. The lateral extent of upwelling is affected by both the width of the step transition from the keel to thinner lithosphere and the thickness of the keel itself. While in eastern North America the keel appears to be ∼200 km thick, and the transition to thin lithosphere to occur over ∼50 km, both thinner and thicker keels and transition widths will produce upwellings with the potential for melting. Thicker keels and more abrupt transitions to thinner lithospheres produce larger convective upwellings, extending almost 200 km across the thin lithosphere (see Figure 5 ). When the transition from the keel to thinner lithosphere is more gradual (approaching a fluid dynamic shape), the convective eddy is located more under the transition step from keel to thinner lithosphere, and extends less under the thin lithosphere. When the mantle wind velocity is 0 cm/yr, convective upwelling still occurs via simple edgedriven convection immediately adjacent to the change in lithospheric thickness. As the mantle wind velocity is increased, the location of maximum upwelling migrates upwind (Figure 6 ). Thus the magnitude of the mantle wind also acts to relocate the site of the greatest chance of melting adiabatically. The size of the melting region predicted by a given solidus also decreases with an increase in the velocity of the mantle wind. [27] Our modeling and melting calculations suggest melting of anhydrous peridotite will not occur in the asthenosphere for mantle potential temperatures less than 1425°C. The location of melting produced by the 150 ppm H 2 O solidi calculated using the models of Hirschmann et al. [2009] (Figure 7e) , Katz et al. [2003] (Figure 7d ) and Medard and Grove [2008] (Figure 7c ), as well as the solidus for a H2O = 0.1 or 10% mineral saturation (Figure 7b ) are virtually identical due to their overlap in temperature between 2 to 7 GPa (Figure 2 and (Figure 7a and Table 3 ).
[28] The location of melting for experiments with the same mantle potential temperature and initial conditions varies more for the calculated 450 ppm H 2 O solidi, relative to those for 150 ppm H 2 O, because of more substantial differences in solidus temperature between the models at the relevant pressures. The 450 ppm H 2 O solidi of Katz et al. [2003] (Figure 7i ) and Medard and Grove [2008] ( Figure 7h ) predict melting between ∼91-130 km for a mantle potential temperature of 1350°C (also see Table 3 ). Our solidus for an a H2O = 0.3 or 30% mineral saturation (Figure 7g ) is closest in temperature to the calculated 450 ppm H 2 O Hirschmann et al. [2009] solidus (Figure 7i ), and these two models predict similar melting regions between ∼91-200 km for an asthenosphere with a potential temperature of 1350°C.
[29] Composition (i.e., peridotite versus garnet pyroxenite) has a small effect on the temperature of the solidus at low pressures in this model. The anhydrous garnet pyroxenite solidus [Kogiso et al., 2003 ] triggers a small region of melting just below the LAB at mantle potential temperatures ≥ 1375°C.
4. Discussion 4.1. LAB Beneath Eastern North America [30] As is clear from the temperature structure of the flow models presented here, vertical gradients in temperature alone are too gradual to produce an LAB consistent with seismic constraints. In our models, temperature gradients from the lithosphere to the asthenosphere are distributed over more than 60 km in depth, and the maximum temperature gradient does not exceed 14.5°C/km. In contrast, a temperature gradient of more than 20°C/km over less than 11 km is required to produce the combination of Sp and Ps phases observed at the LAB beneath stations in the northeastern United States and southeastern Canada [Rychert et al., 2007] . Sp phases from the LAB observed more widely in the eastern United States [Abt et al., 2010] indicate a velocity gradient that is localized over less than 40 km in depth, and even those looser constraints are not met by an LAB that is created purely by temperature. This conclusion is consistent with earlier comparisons to the work of models by King [31] Small degrees of asthenosphere melting may be a viable mechanism to explain the observed drop in shear wave speeds across the LAB in eastern North America. The temperature and H 2 O contents of the upwelling asthenosphere at the edge of the continental lithosphere are the main factors that determine if melting will occur in our numerical experiments. These asthenosphere source conditions are dependent on the direction and pattern of the mantle wind (equivalent to plate motion a The location and extent of melting is also given for the node with the minimum temperature above the solidus. All values are calculated from model runs with a mantle potential temperature of 1350°C. Maximum extent of melting is calculated using a df/dT = 0.173 (wt %/°C), and minimum extent of melting is calculated for df/dT = 0.03 as discussed in section 4.1. Horizontal distances are measured from the right margin (see Figure 7) .
Geochemistry Geophysics
Geosystems G 3 G direction) under North America. Here we examine a range of possible source conditions because of the uncertainty of the pattern of a North American mantle wind.
[32] Asthenospheric mantle material saturated with H 2 O is most likely to melt since its solidus is at the lowest temperature for a given pressure. However, it is unlikely the > 500-3000 ppm H 2 O required to produce melt at H 2 O-saturated conditions is present in the asthenosphere, except perhaps above a downgoing oceanic slab at a subduction zone. However, moderate amounts of H 2 O are likely in the asthenosphere, perhaps heterogeneously distributed throughout [Bell and Rossman, 1992] . Estimates of H 2 O content for a normal MORB source upper mantle converge on a value of 100 ± 50 ppm [Dixon et al., 1988; Michael, 1988; Hirth and Kohlstedt, 1996; Saal et al., 2002; Salters and Stracke, 2004; Workman and Hart, 2005] and 300-900 ppm H 2 O for enriched MORB and OIB source upper mantle [Jambon and Zimmermann, 1990; Sobolev and Chaussidon, 1996; Dixon et al., 1997; Aubaud et al., 2005 Aubaud et al., , 2006 . One plausible scenario to produce melting in our numerical experiments is a mantle potential temperature of ∼1350°C (or a potential temperature of 1310-1330°C combined with 20-40°C of subcontinental insulation) for an asthenosphere with ∼150 ppm H 2 O. If the mantle is significantly colder or contains significantly less H 2 O, no melting will occur. If there are small regions of higher H 2 O content (e.g., ∼450 ppm H 2 O) within the convecting asthenosphere, for example asthenosphere that was hydrated during the subduction of the Farallon slab or another subduction event, melting is possible at mantle potential temperatures as low as 1190°C for our parameterization at 30% mineral saturation, 1200°C for the Hirschmann et al. [2009] 450 ppm H 2 O solidus, and 1215°C for the 450 ppm H 2 O Katz et al. [2003] solidus. Likewise, CO 2 combined with H 2 O will increase the likelihood of small degrees of partial melting in the MORB source upper mantle [Dasgupta et al., 2007] . Alternatively, if there is garnet pyroxenite in the convecting asthenosphere (e.g., remnant pieces of subducted slab), small regions of melting occur at mantle potential temperatures ≥ 1375°C. Mantle potential temperatures above 1420°C (equivalent to what we estimate for plume source regions) are required to melt an anhydrous asthenosphere source with no H 2 O in the nominally anhydrous minerals.
[33] How much melt would be produced in the numerical models of this study? A simplified expression for melt production ( f ) per degree of temperature above the mantle solidus is:
where df is the fraction of melt (wt %) produced over dT, an increment of temperature, and T-T solidus is the temperature interval above the solidus. We use estimates for df/dT for H 2 O-undersaturated peridotite melting at 1.2 GPa by Gaetani and Grove [1998] , which yield melt productivity rates of 0.03 wt %/1°C near the solidus to 0.173 wt %/1°C at increased extents of melting, which are much lower than experimentally determined melt productivity rates from anhydrous peridotite melting of 0.26 wt %/1°C at 1.5 GPa [Falloon and Danyushevsky, 2000] or 0.45 wt %/1°C at 3 GPa [Walter, 1998] . Using this highly simplified expression for melt fraction, we calculate the range of in situ melt fractions for our most reasonable case (mantle temperature = 1350°C, 150 ppm H 2 O) to be < 0.1 − 2.8 wt % (or 0.01-3.3 vol % assuming a hydrous silicate melt density of 2.7g/cc) for an adiabatic gradient of 13°/GPa.
[34] Once generated, a multitude of potential fates await these melt fractions. Any initial melt fraction will grow at a rate proportional to its upwelling rate. The permeability and porosity of the host mantle will depend on deformation. Lab experiments on stress-driven melt segregation demonstrate as little as 0.5 vol % MORB melt can segregate from an olivine host and 2-3 vol % MORB melt can overcome surface tension at mantle grain sizes to form networks [Holtzman and Kohlstedt, 2007] . Likewise, work by Takei [2002 Takei [ , 2005 indicates that deformation can reduce grain contact area, create high-porosity melt sheets with a strong preferred orientation, and dramatically reduce shear velocity. An in-depth analysis of the distribution of melt, accounting for melt buoyancy and deformation driven melt migration, is beyond the scope of this paper. However, in the simplest scenario, for these melt fractions to adequately explain the sharp velocity gradient at the LAB below eastern North America, a significant percent of the melt must remain trapped in the uppermost asthenosphere. If the small amount of melt predicted by our model for a potential temperature of 1350°C and 150 ppm H 2 O does indeed segregate, the work of Sparks and Parmentier [1991] , Katz et al. [2006] , Katz [2008] , and Holtzman and Kohlstedt [2007] suggests this melt will form networks in the uppermost asthenosphere adjacent to the LAB due to some combination of dilation of the porous matrix and the high shear strains located here from corner flow and the bordering rheological transition. Therefore, Kohlstedt and Holtzman [2009, p. 587] state that "based on the simple point that stress-driven segregation and organization will be most effective where strain rates are highest, we hypothesize that the LAB is marked by the location of melt-enriched shear zones that lubricate the LAB and thus the plate boundary system. " This configuration of melt would be ideal to produce the observed shear wave velocity profiles across the LAB. These melt networks would quickly freeze if the melt penetrates the cooler overlying lithosphere [Rubin, 1995] . As such we would not expect any surface expression of these melts. [35] Given that the melt fractions produced in situ likely represent a lower bound on the actual melt fraction just below the solidus-defined LAB, how do they compare to the seismic observations? Rychert et al. [2007] constrained the seismic shear wave velocity drops beneath two seismic stations in eastern North America to be 5%-7% (HRV) and 6%-10% (LMN), and similar velocity drops are consistent with the Sp phases observed more widely in eastern North America by Abt et al. [2010] . According to Hammond and Humphreys [2000] melt fractions of 1%-2% are capable of producing velocity reductions within these ranges, assuming realistic melt distribution at grain boundaries. Following Takei [2002] , Holtzman [2009a, 2009b] , and Kawakatsu et al. [2009] , for texturally equilibrated melt at grain boundaries, melt fractions required to produce the observed velocity reductions would exceed 3%, but if melt occurs in horizontal melt-rich bands, significantly smaller average mantle melt fractions would be sufficient. Therefore, although predicted velocity drops strongly depend on deformation and the inferred geometry of melt distribution, the in situ melt fractions at all but the lowest end of the range extrapolated from the models in this study appear to be capable of matching the velocity drops observed at the LAB in eastern North America. In addition, if melt produced deeper in the supersolidus zones collects at depths just below the solidus-defined LAB, even larger seismic velocity reductions would be predicted.
Global LAB
[36] The models presented here show that small degrees of asthenospheric melting are a possible mechanism for the sharp vertical velocity gradients observed in eastern North America, but they also imply that asthenospheric melting may play a role in defining the LAB in other regions where similar ranges of temperature, composition and H 2 O content apply. Several recent studies have found evidence for a sharp seismic discontinuity at depths interpretable as the LAB beneath relatively thin Phanerozoic continental lithosphere, but not beneath thick cratonic lithosphere, on a global basis [Rychert and Shearer, 2009] , and beneath North America [Abt et al., 2010] and Australia (Ford et al., submitted manuscript, 2010 Li et al., 2007; Heit et al., 2007; Chen et al., 2008; Rychert and Shearer, 2009; Abt et al., 2010; Ford et al., submitted manuscript, 2010] . In some of these regions, different forms of upwelling are possible, but other mechanisms to produce low degrees of melt also exist. Other than upwelling, melting can be produced by raising temperature, possibly by gradual asthenosphereic heating from radiogenic elements while advecting beneath a thick insulating lithosphere (i.e., bottom heating). The degree of heating from this process is limited and would only operate under specific circumstances, when a long sublithospheric traverse occurred and asthenospheric material was already near its solidus. Melting can also be triggered by injection of incompatible elements such as water, perhaps through dewatering of small parcels of downwelling enriched lithosphere melting in small-scale convection at the LAB. Alternatively, the possibility that sharp LAB velocity gradients reflect dry, depleted lithosphere over hydrated, fertile asthenosphere cannot be ruled out.
[37] Because the melting temperature of the asthenosphere is highly dependent on the asthenosphere temperature and H 2 O content, the conditions required for melting below the LAB may be met at some locations and times but not others. Therefore, as temperature or H 2 O content fluctuate within the (Table 2 and Figures 2  and 7) .
[39] The expression for solidus depression from Hirschmann et al. [2009] predicts that a peridotite with 100 ppm H 2 O begins to melt 80 km along an adiabat with a potential temperature of 1323°C, or 15 km deeper than the case of a truly dry peridotite. Despite the differences in the formulation of our simplified parameterization, which uses a linear approximation for the nominally anhydrous surface, this result is almost identical to our predictions for a peridotite with 10% mineral saturation (a H2O = 0.1), which melts at 73 km along an identical adiabat, or 13 km deeper than the case of a truly dry peridotite using the Hirschmann [2000] anhydrous solidus. In another example, using our solidus parameterization and a potential temperature of 1350°C, a peridotite with 10% mineral saturation melts at 84 km, or 18 km deeper than the truly anhydrous case. Likewise, when the expression for solidus depression of Katz et al. [2003] is used with updated bulk partition coefficients for H 2 O between peridotite and melt, rather than the constant bulk partition coefficient used in their original paper, it is remarkably similar to both the Hirschmann et al. [2009] and 10% mineral saturation expression presented here. Although the activity of water in silicate melt can be approximated as these power law expressions [Burnham, 1975; Stolper, 1982] , the nonlinearity of liquidus (or solidus) depression cannot be explained by an ideal solution model for the speciation of OH and H 2 O molecules in silicate liquids because it is likely related to the interaction between H 2 O and other melt components [Nicholls, 1980; Medard and Grove, 2008] .
[42] Medard and Grove [2008] are able to use Margules parameters in their thermodynamic model for liquidus depression after the method of Nicholls [1980] to account for the nonideality of H 2 O in silicate melt. Although we recognize both the linear and cubic parameterization of liquidus depression by Medard and Grove [2008] were never intended to apply to solidus depression, the similarity between the quantity of liquidus depression calculated from their model and the quantity of solidus depression calculated from models that do not account for nonideality, is intriguing. It appears the effect of small amounts of H 2 O (<200 ppm bulk H 2 O) on solidus depression, as calculated using the various expressions here, may not vary significantly from its effect on liquidus depression. Alternatively, the amount of solidus depression calculated from a yet to be determined nonideal solution model may be dramatically different from the expressions used here and from the amount of liquidus depression. [43] In the absence of sufficient high-precision experimental data and a derivative model that accounts for the nonideality of solidus depression, there is a qualitative agreement between the power law expressions for solidus depression and our linear approximation of solidus depression at low H 2 O contents and upper mantle pressures (<7 GPa) when using the bulk H 2 O-peridotite partitioning data now available.
[44] The advantage of our parameterization is that it can be applied to any scenario where there is a designated temperature and H 2 O content of mantle peridotite to test the plausibility of mantle melting at pressures ≤ 7 GPa, or to determine an approximate H 2 O content required for melting at a given temperature and pressure. But because this model does not take into account phase equilibria, employ a more sophisticated activity-composition model or account for reductions in temperature due to the heat of fusion, it is not intended to replace a complete treatment of melting conditions or to determine the extent of melting at a given P and T, except as a maximum estimate given by the simple approximation in equation (12).
Conclusions
[45] Melting of the asthenosphere at the edge of the continental keel may be responsible for shear wave speed gradients observed at the LAB in eastern North America. Numerical experiments and melting calculations predict < 0.1-2.8 wt % (0.01-3.3 vol %) melting at a depth of 102-126 km at the edge of the continental keel for an asthenosphere with average mantle potential temperatures and H 2 O contents equivalent to the average MORB source. This melting is sufficient to generate the 5%-10% drop in shear wave speed observed at the LAB below eastern North America. Such melt could in part explain the rheological contrast observed at the LAB without producing a surface signature.
[46] Production of low-extent melts via convective upwelling in the shallow asthenosphere is a viable process in a variety of locations in addition to the one examined here. Melting is likely to vary in time and space with H 2 O content, composition and temperature of the asthenosphere. For example, lenses within the mantle of remnant subducted slabs or hydrated mantle wedge will have lower melting temperatures than the nominally anhydrous mantle. Similarly, geologic time periods with a higher mantle potential temperature relative to today are more likely to produce melt fractions near the LAB. Thus if small degrees of asthenospheric melting are a primary cause of the LAB, the magnitude of shear wave gradients across this boundary are likely to be variable in space and time.
[47] A comparison of different expressions for peridotite solidus depression in the presence of small amounts of H 2 O all produce very similar predictions for the location and extent of melting, including the simplified parameterization at constant mineral saturation presented here. Until more sophisticated models of peridotite solidus depression that use a nonideal solution model for H 2 O in silicate melts are developed, our simple parameterization is a good starting point to test the feasibility of melting in the mantle anywhere P, T and H 2 O content are specified.
